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Abstract
We propose a scenario in which a strong Peccei-Quinn (PQ) symmetry breaking
in the early universe results in large inhomogeneities of the initial QCD axion field
value, leading to the formation of very dense axion bubbles. Some of the axion
bubbles subsequently collapse into primordial black holes (PBHs). The spatially
homogeneous part of the QCD axion explains dark matter of the universe, while
the PBHs arising from the axion bubbles can explain the LIGO events or the seed
of supermassive black holes. Interestingly, the mass of PBH is determined by the
axion decay constant; for fa = 10
17(1016) GeV, the PBH mass is heavier than about
10(104)M. In addition, axion miniclusters are also formed from the axion bubbles
more abundantly than PBHs, and their masses are expected to be heavier than in
the usual scenario based on the spontaneous breaking of the PQ symmetry after
inflation.
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1 Introduction
Dark matter in the universe is one of the greatest mysteries of particle physics and cos-
mology. If it is made up of unknown particles, then a new physics beyond the standard
model (SM) is needed. For example, the Peccei-Quinn mechanism [1, 2], known as the
solution to the strong CP problem, predicts a pseudo scalar called the QCD axion [3, 4],
and it is one of the plausible candidates for dark matter. Alternatively, all or part of the
dark matter might be a primordial black hole (PBH) [5–7], which forms from the direct
collapse of the primordial cosmic fluid.
Various observations have shown that PBH cannot be the dominant component of dark
matter unless its mass is within MPBH ∼ 1017–1020 g (see [8, 9] for a review). However,
even when PBH accounts for a small fraction of dark matter, it can still leave interesting
cosmological and astrophysical signatures; PBHs may form binaries and cause mergers
that can be detected by gravitational wave observations. The estimated black hole mass
is of O(10)M based on the black hole coalescence phenomenon detected by LIGO and
Virgo [10–13], which motivates the study of PBHs with such a mass [14–16].
Another problem is the origin of the supermassive black holes (SMBH) with mass
O(109)M observed at redshift z ∼ 6− 7 [17]. This is because it is non-trivial for stellar
black holes to grow into an SMBH at such a high redshift. On the other hand, PBHs form
much earlier than the star-forming epoch and have enough time to grow into SMBHs, so
the PBHs with mass 104 − 105M may become seeds of SMBHs [18]. It was also pointed
out that PBH with a mass similar to that of SMBH could be produced directly from the
beginning [19].
A number of cosmological scenarios have been proposed for the formation of PBHs.
Many of such scenarios are based on a mechanism that increases density perturbation
due to the inflaton dynamics (see Ref. [20] for a review). Then, the PBH is formed when
the enhanced density perturbations enter the Hubble horizon well after inflation. In this
class of cosmological scenarios, it depends on the details of the inflaton dynamics on what
scale and to what extent the density perturbations are enhanced, and therefore, the mass
of PBH is usually a free parameter.
In this paper, we propose a scenario in which the PBH is formed by large inhomo-
geneities of the QCD axion with the PQ symmetry broken during inflation. In particular,
we are interested in PBH masses of order or greater than 10M in terms of explaining the
LIGO events or the seeds of SMBHs. We consider a situation in which the PQ symmetry
is strongly broken in the early universe, and the probability distribution of the initial
misalignment angle is split to the two values close to 0 and pi. Such large deviation from
the Gaussian distribution contrasts with the usual case where the density perturbation
is approximated by a Gaussian distribution at the leading order. We assume that the
probability distribution around pi is so suppressed that its volume fraction is very small
and rare, while the initial angle is close to the origin for most of the space. When the
cosmic temperature drops down to the QCD scale, the QCD axion starts to oscillate near
the origin for most of the space, which explains the dark matter. On the other hand,
although it is very rare, the QCD axion near pi acquires a very large energy density after
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the start of the oscillation. We call this high density region an axion bubble. As we shall
see, some of the axion bubbles collapse into PBHs or form miniclusters. Interestingly, our
scenario predicts a PBH of mass & O(10)M, which is determined by the QCD scale and
the axion decay constant. Thus, our scenario naturally leads to the mass scale of PBH
needed to explain the LIGO/Virgo event and the seeds of SMBHs, while at the same time
explaining dark matter by the QCD axion.
Lastly let us mention related works in the literature. While we are considering a
scenario in which PBH is generated from large inhomogeneities of dark matter, PBH
can also be generated from the baryon asymmetry. The PBH formation in the Affleck-
Dine mechanism was studied in Refs. [21–25]. In this case, large inhomogeneity of the
Affleck-Dine field is realized by the inflationary fluctuation and nontrivial post-inflationary
dynamics in the presence of the multiple vacua. Then, it results in highly inhomogeneous
distribution of the baryon asymmetry, leading to isolated high baryon bubbles. After the
QCD phase transition, the baryon density becomes significant in the high baryon bubbles,
some of which collapse into PBHs if a certain criterion is met. Since the PBH formation
occurs after the QCD transition, the PBH mass is heavier than O(M), and thus it can
potentially explain the LIGO/Virgo events [22–24,26] or seeds of SMBHs [25]. In addition,
the PBH formation from the QCD axion with an alternative setup was studied in [27], in
which the PQ symmetry is broken after inflation. This scenario focuses on the axion as a
subdominant part of the dark matter with mass about meV and PBHs are seeded by the
string-wall system. Thus, our scenario is complementary to this scenario.
The rest of this paper is organized as follows. In Sec. 2, we review the conventional
scenario of the QCD axion and its modification due to the Witten effect as an example
of the early-time PQ breaking. In Sec. 3, we show the formation of the axon bubbles,
PBHs, and miniclusters in our scenario. Discussion and conclusions are given in Sec. 4.
2 The QCD axion with the early-time PQ breaking
2.1 Vacuum realignment mechanism
First, let us review the axion abundance in the conventional scenario. When the cosmic
temperature is much higher than the QCD scale, the axion remains almost massless. As
the temperature approaches to the QCD scale, the axion acquires a mass that depends
on the temperature [28],
ma(T ) ' ma
(
T∗
T
)4.08
, (1)
for T > T∗ = 150 MeV, which asymptotes to ma ' 5.7µeV (1012 GeV/fa) in the low
temperature. Here fa denotes the decay constant of the QCD axion. When the axion
mass becomes comparable to the Hubble parameter, the axion starts to oscillate. For
fa . 1017 GeV, this occurs when the axion mass is well approximated by (1). We define
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the temperature T1 by 3H(T1) = ma(T1), and it is given by
T1 ' 0.96 GeV
(g∗1
60
)−0.082( fa
1012 GeV
)−0.16
, (2)
where g∗1 denotes the effective relativistic degrees of freedom at T = T1. Then, one
obtains the final axion abundance via ρa/s = κma(na/s)T=T1 , where κ is the numerical
fudge factor and we set κ = 1.5. In other words, the current density parameter of the
axion is
Ωah
2 ' 0.15
(g∗1
60
)−0.42( fa
1012 GeV
)1.2
θ2iF (θi), (3)
where θi is the initial misalignment angle and F (θi) = [ln(e/(1− θ2i /pi2))]1.2 is the anhar-
monic correction factor [29]. Thus, one can explain the observed DM abundance for e.g.
fa ∼ 1012 GeV for θi ∼ 1, and fa ∼ 1016 GeV for θi ∼ 4 × 10−3. Recently it was pointed
out that the required small values of θi for large fa can be explained if the inflation scale
is below the QCD scale [30, 31]. In the following, however, we will not worry about the
fine-tuning of O(10−3) required to explain the dark matter abundance by the QCD axion.
2.2 Impact of the early-time PQ breaking on the QCD axion
dynamics
2.2.1 Overview
Here and in what follows, we assume that the PQ symmetry is broken before/during
inflation. In this case, the axion abundance depends on the initial angle θi and the
decay constant fa. The initial angle θi is often treated as a free parameter, since the
QCD axion is massless during inflation and any values of θi are considered to be equally
probable. Note that this scenario unavoidably predicts the isocurvature perturbation
which is severely constrained by the observation. Although one can simply adopt the
low-scale inflation, post-inflationary classical dynamics can also suppress the isocurvature
perturbation. For instance, an additional PQ breaking term can dynamically suppress the
isocurvature perturbation. In fact, since the PQ symmetry is only an approximate global
symmetry, it is not surprising that it was largely broken in the early universe. In that case,
the breaking must be small enough in the present universe for the PQ mechanism to be the
solution to the strong CP problem. A number of such scenarios have been proposed, such
as a stronger QCD in the early universe due to the Higgs’ large expectation value [32–35],
a larger scale of the spontaneous PQ symmetry breaking that resulted in a larger explicit
breaking expressed by a higher dimensional term [36–39] a hidden non-Abelian gauge
symmetry that confines in the early universe [40], and the Witten effect of monopoles in
hidden sectors [41–43]. It should be emphasized that such scenarios can result in not only
the suppression of the isocurvature fluctuation but also the tuning of the initial angle
and thus predict relatively large fa (∼ 1016 GeV), which is compatible with the string
theory. Furthermore, such extra PQ breaking term generically has multiple vacua. Then,
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the axion may fall into different vacua depending on the initial position, as we shall see
in Sec. 3.
In the following, we consider a scenario in which the PQ symmetry is temporarily bro-
ken by a large amount in the early universe. In this scenario, the axion is massless during
inflation, and therefore it acquires vacuum quantum fluctuations during inflation. Then,
after the end of inflation, an extra PQ symmetry-breaking effect kicks in, which generates
a potential for the axion. When the effective mass of the axion is greater than the Hubble
parameter, the axion rolls down to the nearest minimum. This potential is assumed to be
transient and to disappear before the QCD phase transition. Therefore, the final abun-
dance of the axon is determined by the usual misalignment mechanism. Note that the
initial misalignment angle θi is dynamically set by the transient PQ breaking potential.
This also implies that the axion dynamics suppresses the isocurvature perturbation. In
the rest of this section, we consider the Witten effect as an explicit example of the early
transient PQ symmetry breaking.
2.2.2 Witten effect
Here we consider the Witten effect [44], which can suppress both the axion abundance
and isocurvature. To this end we couple the QCD axion φ to a hidden U(1)H gauge boson
as
LH = − αH
16pi
(
NH
φ
fa
+ θH
)
µνρσF
µν
H F
ρσ
H , (4)
where αH is the hidden fine-structure constant, µνρσ is the totally antisymmetric tensor,
F µνH = ∂
µAνH−∂νAµH is the field strength of the hidden gauge boson AµH , NH is an integer
called the domain wall number, and θH is the θ-parameter of the U(1)H gauge symmetry.
Note that we choose the origin of the axion so that the CP phase of the strong interaction
disappears there. Thus, θH is generically nonzero.
Let us first focus on the θ-term without the axion. It is just a surface term and is
usually discarded because it does not contribute to the equation of motion. However,
when a monopole is present, θH has a physical meaning. That is, a monopole acquires an
electric charge proportional to θH , and therefore it becomes a dyon. This is the Witten
effect [44]. Now, in the presence of the axion, the θ-parameter becomes dynamical, and
the monopole acquires an electric charge proportional to the axion displacement from
the CP-conserving point. Since the dyon is heavier than the monopole, the interaction
(4) generates a potential of the axion. If monopoles and anti-monopoles are uniformly
distributed on average in the universe, then the axion acquires a mass [45].
m2a,W (t) =
αHNH
16pi2
nM(t)
rcf 2a
, (5)
where nM is the number density of monopoles and anti-monopoles, and rc is the radius
of the monopole core. In the case of the ’t Hooft-Polyakov monopole [46, 47], the core
radius is given by r−1c ' αHMM , where MM is the monopole mass. The minimum of the
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mass term is located at φ = φ
(n)
min given by
φ
(n)
min = (−θH + 2pin)
fa
NH
, (6)
where n is an integer (see Fig. 2). Since the axion mass squared due to the Witten effect,
m2a,W (t), is proportional to the monopole number density, it decreases as
m2a,W (t) ∝ nM(t) ∝ a(t)−3, (7)
where a(t) is the scale factor. Here we assume that the number of the monopoles in
the comoving volume is conserved after the formation. In the radiation dominated era,
the axion mass decreases more slowly than the Hubble parameter, while in the matter
dominated era, both decrease at the same rate. Then, the axion starts to oscillate about
one of the potential minima when the mass becomes comparable to the Hubble parameter
in radiation domination.
If the U(1)H symmetry is subsequently spontaneously broken, there appear cosmic
strings whose ends are attached to monopoles and anti-monopoles. Due to the tension
of the strings, monopoles and anti-monopoles are attracted to each other, dissipating its
kinetic energy into the ambient plasma, until they collide and annihilate with each other.
The produced hidden Higgs bosons decay into the standard model particles through e.g.
a Higgs portal coupling. After the monopole-anti-monopole annihilation, the extra axion
mass disappears, and the axion remains massless until the temperature drops down to
the QCD scale. If the duration of the axion oscillation due to the Witten effect lasts
sufficiently long, the axion oscillation amplitude can be suppressed significantly, and the
initial axion field value is set to be around one of the potential minima given by Eq. (6).
The axion isocurvature perturbation is also suppressed in this process.
In the following, we show that the axion can be indeed stabilized in the very vicinity
of one of the potential minima by the Witten effect. We basically follow the argument
of Ref. [42], but we will take account of an important factor which was missed in their
analysis. Without loss of generality, we consider the axion oscillating around the minimum
with n = 0. To be explicit, we assume high-scale inflation, Hinf ∼ 1013 GeV, high reheating
temperature, TRH ∼ 1015 GeV, and the monopole production right after the reheating.
Note that such a high scale inflation, which is usually in a strong tension with the axion
model due to too large isocurvature fluctuations, can be made consistent thanks to the
Witten effect.
The axion starts to oscillate when ma,W becomes comparable to the Hubble parameter.
The plasma temperature, T = Tosc, at the commencement of oscillation is
Tosc ' 1.5× 103NHα2H
(ρM
s
)(1016 GeV
fa
)2
, (8)
where ρM is the energy density of monopoles and anti-monopoles, s is the entropy density
before the monopoles dominate, and we assume radiation domination. For the parame-
ters of our interest, monopoles come to dominate the universe before annihilation. The
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temperature at which the monopole becomes the dominant component of the universe is
defined as follows.
Tdom ≡ 4
3
ρM
s
. (9)
The monopole abundance depends on details of the phase transition, and its abundance
is bounded as [48]
104 GeV
(
MM
1015 GeV
)(
Tc
1015 GeV
)3
. ρM
s
. 108 GeV
(
MM
1015 GeV
)2
, (10)
where the lower bound is the causality bound, the upper bound is determined by the
annihilation process between monopoles and antimonopoles, Tc is the temperature at
the bubble nucleation, and we have used g∗ ∼ 100 and αH ∼ 4pi for a conservative
estimate. Thus, for the reference values of the parameters, we have Tdom ∼ 104−8 GeV
and Tdom/Tosc ∼ 10−3. Note that this is an order-of-magnitude estimate, and the precise
values of Tdom can vary depending on the choice of the parameters. When the monopoles
become dominant, the universe evolves like a matter-dominated universe, and when the
monopoles annihilate and decay, it becomes radiation dominant. Let us express the decay
temperature by Tdec. Here and in what follows, the subscripts, “osc”, “dom”, and “dec”
mean that the variable is evaluated when the temperature of the radiation dominated
universe is equal to T = Tosc, Tdom, and Tdec, respectively.
The evolution of the axion can be divided into two periods. The first is when the
oscillation is caused by the mass term due to the Witten effect, and the second is when
the monopoles annihilate and the axion mass is reduced. Only the former was considered
in Ref. [42], and the effect of the latter was neglected. However, as we will see below,
the latter is important because it has the effect of increasing the oscillation amplitude of
the axion. During the first period, the axion number density in the comoving volume is
conserved,
ma,W (t)Φ
2 ∝ a(t)−3 (11)
where Φ denote the oscillation amplitude, and a is the scale factor. At the commencement
of the oscillations, we have Φosc = φosc − φ(0)min. On the other hand, the axion mass due to
the Witten effect scales as Eq. (7). Thus, Φ(t) ∝ a(t)−3/4.
During the second period, the axion mass decreases and the oscillation amplitude
increases. The axion stops to oscillate when the axion mass becomes comparable to the
Hubble parameter, and then, the axion field freezes. If the annihilation process takes
of order the Hubble time, the oscillation amplitude is enhanced maximally by a factor
of (ma,W (tdec)/Hdec)
1/2 = (adom/aosc)
1/4, since the axion number density in the comoving
volume is conserved during this process. Here ma,W (tdec) is the mass evaluated just before
the monopoles start to annihilate. We have numerically checked this effect as shown in
Fig. 1. The left panel shows the ratio of the final axion field value to the oscillation
amplitude of the axion field at the beginning of the annihilation. The horizontal green line
shows the above enhancement factor. Since the final field value depends on the oscillation
phase when the annihilation starts, we varied the annihilation rate (the horizontal axis).
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Figure 1: Left: the final amplitude of the axion field value (φf ) divided by the one
at the decay as a function of the annihilation rate of the monopole, Γann (normalized
by some fiducial value). Here we consider the oscillation around φ
(0)
min and set it to the
origin for simplicity. The green horizontal lines show the maximal enhancement fac-
tor, ±(ma,W (tdec)/Hdec)1/2. Right: the evolution of the axion field value (θ = φ/fa) for
Γann/Γann(fiducial) = 1 (red), 1.002 (green), 1.025 (blue). The horizontal axis is the dimen-
sionless time variable, t˜ = ma,W (tosc) t.
One can see that the numerical result is consistent with the enhancement factor, and
our estimate therefore provides an upper bound on the displacement from the potential
minimum. The right panel shows the time evolution of the axion field value (θ = φ/fa)
as a function of time for representative choices of the annihilation rate.
Combining the above two effects, we obtain the typical displacement of the axion from
the potential minimum after the monopole annihilation as
∆θ =
(
adom
aosc
) 1
4
(
adec
aosc
)− 3
4 Φosc
fa
, (12)
=
(
Tdec
Tdom
)3/4(
Tdom
Tosc
) 1
2 Φosc
fa
, (13)
where we have assumed that the effective relativistic degrees of freedom is constant over
the relevant period in the last equality. The axion initial amplitude is therefore set as
θi ' θ(0)min ±∆θ, (14)
where we defined θ
(n)
min = φ
(n)
min/fa.
The axion can explain the right abundance of dark matter for
θi ' 4.2× 10−3
(g∗1
60
)0.21(1016 GeV
fa
)0.58
.
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Thus, for Tdec . 10−3 Tdom, Φosc/fa ∼ 1, and fa ∼ 1016 GeV, the axion is stabilized close
enough to the potential minimum. In addition, isocurvature fluctuations are sufficiently
suppressed because the fluctuation of the axion field evolves in the same way as the axion
field in the quadratic potential.
3 PBH formation from the QCD axion
3.1 Axion bubbles
Here we show that the modification of the axion dynamics due to the early-time PQ
symmetry breaking can lead to formation of the isolated high axion density regions. We
consider the Witten effect explained in the previous section as an example of such extra
PQ symmetry breaking.
The axion potential due to the Witten effect is approximately given by VW (φ) =
m2a,W (φ−φ(n)min)2/2, which is shown by the dashed line in Fig. 2. Here and in what follows
we take NH = 2. The Witten effect is assumed to disappear before the QCD phase
transition when the conventional axion potential VQCD(φ) arises from non-perturbative
QCD effects.
During inflation the axion field acquires quantum fluctuations whose distribution can
be well approximated to be a Gaussian centered at about a certain field value. Then,
after the Witten effect turns on, the axion settles down at the nearest minimum. For our
purpose of linking the QCD axion to PBH, the axion density must be extremely high in
proto-PBH regions, and therefore, we focus on large values of fa = 10
16–1017 GeV. Then,
one of the minima of VW (φ) should be sufficiently close to the minimum of VQCD(φ) in order
to get the right dark matter abundance. For later convenience, we denote φ
(0)
min/fa = −
with 0 <   1. In spatial patches where the initial value of the axion determined by
the inflationary fluctuation is smaller than the critical value φc (see Fig. 2), the axion
rolls down to φ
(0)
min. On the other hand, in spatial patches where the initial value is
larger than φc, the axion rolls down to another minimum of VW (φ), φ
(1)
min/fa = pi − .1
The local axion density in this patch becomes much higher than the one with φ
(0)
min after
the QCD phase transition.2 We call such isolated rare region axion bubble in which
the initial misalignment angle is set to be much larger than the background value. See
Fig. 3. Since the axion density in those regions soon becomes larger than the radiation
1 The initial angle inside the bubble is close to the potential maximum because of NH = 2 and  1.
Thus, the local axion density inside the bubble is enhanced thanks to the anharmonic effect. Note that
our scenario should work as long as the initial angle is O(1) inside the bubble and the axion can dominate
over radiation soon after it starts to oscillate.
2Precisely speaking, the axion potential significantly deviates from a single cosine function in the low
temperature based on the standard chiral perturbation theory (see e.g. Ref. [49]), and we need take
account of it to estimate the axion density inside the axion bubbles. However, we have numerically
checked that such modification of the potential only changes the resultant density by at most 30% or so
for the parameters of our interest. In our numerical analysis, we therefore use the simple cosine function
for simplicity.
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Dark matter Bubble (PBH, minicluster)
Figure 2: Schematic illustration of the axion potentials and the probability distribution.
The solid and dashed lines represent the potential from the QCD instanton effect (VQCD)
and the Witten effect (VW ), respectively.
density, its volume fraction should be sufficiently small for successful big bang cosmology.
The axion bubble is analogous to the high baryon bubble in inhomogeneous Affleck-Dine
baryogenesis [21,23,24].
The axion bubbles are formed when the transient PQ breaking turns on and the axion
field is dynamically set at the nearest minimum, well before the QCD phase transition.
The subsequent evolution of the axion bubbles depends on its typical size or the corre-
sponding wavenumber. As we shall see later, small bubbles enter the horizon well before
the QCD phase transition, i.e. before the axion gets the mass from the QCD instanton
effect, and they are dissipated away in the form of the gradient energy.3 On the other
hand, larger axion bubbles which enter the horizon around the QCD epoch can collapse
into PBHs or cluster into small axion clumps.
3 Here we assume that the potential from the Witten effect has already disappeared. Otherwise,
domain walls exist between two spatial regions in which the axion falls into one of the minima and
another (e.g. φ
(0)
min and φ
(1)
min). In this case, the bubble is surrounded by a closed domain wall and when
the bubble reenters the horizon, it collapses by the tension of the domain wall and disappear in a few
Hubble time by emitting nonzero mode axions.
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θi ≪ 1
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Figure 3: Schematic illustration of the axion bubbles.
3.2 PBH formation
The formation of PBH occurs whenO(1) density fluctuations, initially generated on super-
horizon scales, reenter the horizon. Assuming the radiation dominated universe, the PBH
mass is roughly given by the horizon mass at the formation time,
MPBH =
4pi
3
γH−3f ρr,f ' 0.049Mγ
( g∗f
100
)−1/2( Tf
1 GeV
)−2
, (15)
where γ is O(1) numerical factor and the subscript f indicates that the quantity is eval-
uated at the PBH formation time. For simplicity, we set γ = 1 in what follows.
Inside axion bubbles, the energy density of the axion dominates over the radiation
density much earlier than the matter-radiation equality. Let us denote the background
cosmic temperature at which the axion becomes dominant over the radiation inside bub-
bles by TB. The axion mass is constant when the axion dominates inside the bubble (i.e.
TB < T∗) and one obtains
TB ' 3.0 MeV
(
fa
1016 GeV
)1.2 (g∗1
60
)−0.42 [
1 + 0.084 ln
(
fa
1016 GeV
)]1.2
, (16)
where we have neglected O() contributions and ln(g∗1) term in the square bracket. Note
that the above equation is valid for fa . 1017 GeV where the axion commences oscillation
when the axion mass is temperature-dependent. When the axion dominates over the
radiation inside the bubble (i.e. T < TB) and the size of the bubble is larger than the
horizon size, the criterion for the PBH formation is satisfied when the bubble enters
the horizon since the local energy density inside the bubble becomes significantly larger
than the background radiation density. Thus, the temperature at the axion domination
inside the bubble determines the minimum mass of PBH, M
(min)
PBH , obtained by substituting
10
Tf = TB in (15),
M
(min)
PBH ' 1.7×104M
(
1016 GeV
fa
)2.3 (g∗1
60
)0.84 (g∗f
10
)−0.5 [
1 + 0.084 ln
(
fa
1016 GeV
)]−2.3
.
(17)
As the background temperature becomes lower than TB, the ratio of the local energy
density inside the bubble, ρ
(loc)
B , to the background radiation density increases by a factor
ρ
(loc)
B /ρr > 1, and hence one might expect that the PBH mass can be much larger than the
horizon mass defined by the background radiation. However, as pointed out in [50, 51],
the mass of the PBH from the collapse of those bubbles cannot be much larger than the
background horizon mass. It is because the initially superhorizon-scale region in which
the local energy density is significantly larger than the background value gets pinched off
and separated into a baby universe through the formation of a wormhole shortly after the
horizon entry, while a black hole is left behind in our universe [50]. Hence, we assume
that the PBH mass is given by the horizon mass of the background radiation even in the
case where the PBH formation occurs after the axion domination inside the bubble, i.e.
Tf < TB.
3.3 PBH abundance
In order for our scenario to work, inflationary fluctuations necessarily distribute axion
bubbles as rare objects in our universe. It depends on the Hubble parameter during
inflation, and the initial axion field value (the mean value in the observable patch of the
Universe). The evolution of the probability density function is governed by the Fokker-
Planck equation
∂P (N, φ)
∂N
=
∂
∂φ
[
VφP (N, φ)
3H2inf
+
H2inf
8pi2
∂P (N, φ)
∂φ
]
, (18)
where N is the e-folding number and Hinf is the Hubble parameter during inflation.
Since the classical dynamics of the axion is negligible during inflation, the evolution
is determined only by the diffusion term i.e. the second term in the square bracket
in the Fokker-Planck equation. If the inflation was long enough before the CMB-scale
fluctuations exited the horizon, we expect that all values of the initial angle between −pi
and pi are equally likely. Since what we can observe is the dynamics after the current
horizon scale exited the horizon during inflation, if we average the distribution of the
angles over the scale corresponding to the current horizon and neglect scales larger than
that, we can approximate the distribution at that point (N = 0) as the Dirac δ-function,
P (0, φ) = δ(φ − φi). Then, the solution is simply given by the Gaussian distribution
function,
P (N, φ) =
1√
2piσ(N)
exp
(
−(φ− φi)
2
2σ2(N)
)
with σ(N) =
Hinf
2pi
√
N. (19)
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Figure 4: The volume fraction of axion bubbles with differential logarithmic interval of
k for φi − φc = 4Hinf (red), 4.5Hinf (green), 5Hinf (blue). We have taken N∗ = 0 and
k∗ = 0.002 Mpc−1.
The differential volume fraction of the axion bubble which is originally nucleated in
the interval between N and N + dN during inflation is given by [24]
dβ
dN
=
∫ φmax
φc
∂P (N, φ)
∂N
dφ, (20)
where φmax denotes the maximum value for our scenario to work. In practice, the integrand
in Eq. (20) contributes only in the vicinity of the lower limit. Then, one can safely replace
the upper limit of the integral with the infinity and the integral can be expressed by the
complementary error function, namely
dβ
dN
≈ ∂
∂N
∫ ∞
φc
P (N, φ)dφ =
1
2
∂
∂N
erfc
(
φc − φi√
2σ(N)
)
=
φc − φi
2
P (N, φc). (21)
This reads the volume fraction of the bubbles corresponding to the scale which exits the
horizon at the e-folding number N during inflation. Using dN = d ln k, one obtains the
differential volume fraction of the axion bubble with a logarithmic interval of the wave
number as follows,
dβ
d ln k
=
φc − φi
2
P (ln(k/k∗) +N∗, φc), (22)
where N∗ and k∗ are some reference e-folding and wave number respectively. Fig. 4 shows
the differential volume fraction with N∗ = 0 and k∗ = 0.002 Mpc−1.
Thus, one obtains the energy density of the PBH formed at T = Tf (< TB) divided by
the entropy density,
ρPBH
s
=
3
4
Tf
dβ
d ln k
∣∣∣∣
k=afHf
. (23)
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Using the relation between the PBH mass and the wavenumber corresponding to the
horizon scale at the formation,
kf ' 4.3× 106 Mpc−1
(g∗f
10
)−1/12( M
MPBH
)1/2
, (24)
one can get the mass spectrum of the PBH fraction fPBH = ΩPBH/ΩCDM, as shown in
Fig. 5. Note that PBHs with the minimum mass given by (17) are most abundantly
formed because the probability to exceed the critical field value becomes larger as the
corresponding scale becomes smaller (see (19)). Hence, the typical mass of the PBH in
this scenario is given by the minimum mass (17), which has one-to-one correspondence
to the decay constant fa if the axion accounts for the dominant component of the dark
matter.
Note also that the typical mass of the PBH isO(10)M for fa = 1017GeV. However, the
CMB bounds due to the gas accretion onto PBHs put a stringent upper bound on the PBH
fraction within the mass range 10M .MPBH . 104M; specifically, it is fPBH . 3×10−9
at MPBH ∼ 104M [52]. Taking into account this constraint, the PBH fraction with mass
O(10)M should satisfy fPBH . 10−5 in our scenario. It is smaller than the required value
in Ref. [16] to explain the LIGO/Virgo events. However, our scenario potentially predicts
initial clustering of PBHs because large-scale fluctuations (of the axion field value as an
isocurvature mode) are accumulated to make the fluctuation large enough for the PBH
formation and thus there exist sizable mode-mode couplings. In such a case, the merger
rate of binary PBHs can be significantly enhanced and the LIGO/Virgo events can be
explained even if the PBH fraction is as small as fPBH ∼ 10−7 [53]. To deduce whether
our scenario can explain the observed merger events, the clustering property should be
investigated quantitatively and it is left for future work. If the binary formation rate can
be enhanced by more than a factor of 100, our scenario for fa ∼ 1017 GeV can explain
simultaneously the PBH as the seed of SMBH with mass O(104)M and the responsible
for observed binary merger events with mass O(10)M.
3.4 Bubble abundance
In the previous two sections, we have focused only on the PBH formation. In fact, our
scenario also predicts smaller bubbles which enter the horizon at T > TB before the
axion becomes dominant inside them. The fate of such small bubbles is divided into the
following two cases. First, if the local axion density inside the bubble is larger than the
background value, the bubble eventually evolves into the axion minicluster. Second, if the
size of the bubble enters the horizon well before the QCD epoch, axions inside bubbles
are dissipated away in the form of relativistic particles.
Here, let us consider the relative density contrast of the axion inside the bubble to the
background one. If the bubble size is larger than the Hubble horizon at the commencement
of the background axion oscillation (at T = T1), the ratio of the local axion density inside
13
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Figure 5: The predicted spectrum of the PBH fraction fPBH = ΩPBH/ΩCDM with respect
to the PBH mass. The solid, dashed and dotted lines correspond to φc − φi = 4.5Hinf ,
5Hinf and 5.5Hinf respectively. We have taken fa = 10
17 GeV (red) and 1016 GeV (blue),
N∗ = 0 and k∗ = 0.002 Mpc−1.
the bubble, denoted by ρ
(loc)
B , to the background density ρa is
ρ
(loc)
B
ρa
=
(na/s)θi=pi−
(na/s)θi=−
' 5.2×106
(
fa
1016 GeV
)1.2 (g∗1
60
)−0.42 [
1 + 0.084 ln
(
fa
1016 GeV
)]1.2
,
(25)
where we have substituted the observed CDM abundance for the background axion den-
sity. Note that the global energy density of the axion in the bubble is given by ρB = ρ
(loc)
B β
with β the total volume fraction of the axion bubbles. Hence, one obtains the spectrum
of the energy density fraction of the axion bubble by multiplying the above ratio by the
differential volume fraction (22),
1
ρa
dρB
d ln k
=
ρ
(loc)
B
ρa
dβ
d ln k
. (26)
Note that the above estimation is valid for wavenumber smaller than k1 = a(T1)H(T1)
given by
k1 ' 3.1× 106 Mpc−1
(g∗1
60
)0.084(1016GeV
fa
)0.16
. (27)
Those bubbles which enter the horizon before the axion inside them dominates over
the radiation (i.e. T > TB) cannot collapse into PBHs. Instead, they form small clumps
called axion miniclusters [54]. The cluster mass is roughly given by the energy density
of the axion inside the bubble multiplied by the horizon volume. For bubbles whose size
enters the horizon after the onset of the axion oscillation (i.e. k < k1), one can estimate
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the minicluster mass as follows,
Mmc ' 0.020M
(
fa
1016 GeV
)1.7(
k1
k
)3 (g∗1
60
)−0.67 [
1 + 0.084 ln
(
fa
1016 GeV
)]1.2
. (28)
Now let us consider smaller bubbles whose physical size is smaller than H(T1)
−1 at
T1. Here, we neglect the transient potential. In this case, when the bubble size enters the
horizon, the axion is massless but the bubble stores the gradient energy ρgrad ∼ (Hpifa)2/2.
Since the gradient energy decays in the same way as the relativistic component, the field
value of such nonzero-mode axion decays inversely proportional to the scale factor. Thus,
the ratio (25) is determined by the field amplitude of such nonzero-mode axions at T = T1
as a function of the wavenumber,
θ1 ∼ pi
(
ma(T1)
3Hk
)1/2
' 1.4g−1/12∗k
(g∗1
60
)0.17( fa
1016 GeV
)−0.16(
107 Mpc−1
k
)
, (29)
where Hk and g∗k are respectively the Hubble parameter and the relativistic degrees
of freedom when the mode k reenters the horizon. Hence, one obtains the resultant
density fraction of the axion from those small bubbles by replacing θi = pi −  → θ1
and ma(T1)→
√
(k/a(T1))2 +m2a(T1) for na/s in the numerator in (22). Note that such
nonzero-mode axions also form minicluster as long as their local density is larger than
the background value. Thus, by equating local density of the nonzero-mode axion and
the density of the background axion at T = T1, one can obtain the minimum minicluster
mass,
Mmc,min ' 3.0× 10−9M
(
fa
1016 GeV
)1.7 (g∗1
60
)−0.25
, (30)
and corresponding maximum wave number is
kmc,min ' 0.95× 1012 Mpc−1g−1/8∗k
(
fa
1016 GeV
)−0.16 (g∗1
60
)−0.21
. (31)
The resultant spectrum of the bubble fraction is shown in Fig. 6. In the figure, the peak
wavenumber is k1 given by (27) corresponding to the scale reentering the horizon at the
onset of the axion oscillation and thus the minicluster formed at that time is the most
abundant. This is because the amplitude of the axion oscillation has not been damped
and the anharmonic effect efficiently enhance the local axion density inside those bubbles.
Therefore, the mass of the most abundant minicluster is given by (28) with k = k1.
4 Conclusions and discussions
We have shown that a significant number of PBHs with mass MPBH & 10M can be
formed from the QCD axion with fa ∼ 1017 GeV whose early dynamics is modified by
the temporally large PQ breaking term. As a specific example, we have considered the
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Figure 6: The spectrum of the energy density fraction of the axion bubble to the
background axion density. We have taken fa = 10
17 GeV (left), 1016 GeV (right) and
φc − φi = 4.5Hinf (red), 5Hinf (green) and 5.5Hinf (blue).
Witten effect which generates an additional contribution to the axion potential. Then,
the axion starts to oscillate around the nearest minimum even before the QCD phase
transition. In general, the potential from the Witten effect has multiple minima. This
implies that the subsequent evolution of the universe can be rather different depending
on which minimum the axion settles down. We have found that the axion dynamics leads
to copious formation of the high density axion bubbles, which collapse into PBHs or lead
to miniclusters after the QCD phase transition. Interestingly, the mass of the PBHs is
determined by the QCD scale, which is roughly MPBH & 10(104)M for fa ∼ 1017(1016)
GeV. Thus, one can explain the LIGO event and/or the seeds of SMBH by those PBHs,
while the QCD axion with large fa constitute the observed dark matter.
The PBH in this mass range can be testable by future 21cm observation by e.g. the
SKA telescope [55–57]. Note that the constraint due to induced gravitational waves by
the pulsar timing observation can be evaded [58]. In addition, the QCD axion with rela-
tively large decay constant (fa & 1016–1017 GeV) can be searched for by direct detection
experiments such as ABRACADABRA [59]. The axion minicluster is also a potential
target to test our scenario. In particular, our scenario predicts heavier minicluster than
that in the conventional scenario where the post-inflationary PQ symmetry breaking is
followed by the formation and decay of topological defects [60] and thus motivates upgrade
of microlensing survey beyond the current upper bound put by EROS [61], HSC [62] and
OGLE [63].
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